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1. Introduction 
Thermal barrier coatings (TBCs) are widely used in turbines for propulsion and power 
generation (Bose & DeMasi-Marcin ,1995; Choi  et al., 1998; Cruse et al. 1988; DeMasi-Marcin 
& Gupta, 1994; DeMasi-Marcin et al., 1990; Eaton & Novak, 1987; Golightly et al., 1976; 
Hillery, 1996; Lee & Sisson, 1994; Mariochocchi et al., 1995; Meier et al. ,1991 & Gupta, 1994; 
Miller, 1984;  Kingery et al., 1976; Rigney et al., 1995; Strangman, 1985; Stiger et al., 199;, 1999 
& Evans, 1999). They comprise thermally insulating materials having sufficient thickness 
and durability that they can sustain an appreciable temperature difference between the load 
bearing alloy and the coating surface. The benefit of these coatings results from their ability 
to sustain high thermal gradients in the presence of adequate back-side cooling. Lowering 
the temperature of the metal substrate prologs the life of the component: whether from 
environmental attack, creep rupture, or fatigue. In addition, by reducing the thermal 
gradients in the metal, the coating diminishes the driving force for thermal fatigue. Both of 
these benefits can be traded off in design for greater component durability, or for reduced 
cooling air or for higher gas temperature/improved system efficiency. As a result, TBCs 
have been increasingly used in turbine engines. Successful implementation has required 
comprehensive testing protocols, facilitated by engineering models (Cruse et al. 1988; Eaton 
& Novak, 1987; Meier et al. ,1991; Wright, 1998). Expanded application to more demanding 
scenarios (Fig. 1) requires that their basic thermo-mechanical characteristic be understood 
and quantified. This need provides the opportunities and challenges discussed in this 
article. 
There are four primary constituents in a thermal protection system (Fig. 2). They comprise 
(i) the TBC itself, (ii) the superalloy substrate, (iii) an aluminum containing bond coat (BC) 
between the substrate and the TBC, and (iv) a thermal grown oxide (TGO), predominantly 
alumina that forms between TBC and the BC. The TBC is the insulator, the TGO on the BC 
provides the oxidation protection and the alloy sustains the structural loads. The TGO is a 
reaction product. Each of these elements is dynamic and all interact to control the 
performance and durability.  
The thermal barrier coating is a thermally insulating, “strain tolerant” oxide. Zirconia has 
emerged as the preferred material, stabilized into its cubic/tetragonal forms by the addition 
of Yttria in solid solution. This material has low thermal conductivity (~1 W/m2) with  
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Fig. 1. Schematic indicating the operating domain for TBCs and the challenge for a new 
generation of materials. 
 
Fig. 2. The four major elements of a thermal barrier system: each element changes with 
exposure / cycling. 
minimal temperature sensitivity (Fig. 3) (Kingery, 1976). The thermal resistance at lower 
temperatures corresponds to a phonon mean free path governed by structural vacancy 
scattering. Complex oxides having even lower conduction are being investigated, but there 
is not affirmation of their viability as TBCs. Strain tolerance is design into the material to 
avoid instantaneous delamination from thermal expansion misfit. Two methods are used to 
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deposit strain tolerant TBCs. Electron beam physical vapor deposition (EB-PVD) evaporates 
the oxide from an ingot and directs the vapor onto the preheated component (Hillery, 1996; 
Mariochocchi et al., 1995; Rigney et al. 1995). The deposition conditions are designed to 
create a columnar grain structure with multiscale porosity (Fig. 2) that provides the strain 
tolerance and also reduces the thermal conductivity (to about 0.5 W/m K, Fig. 3). Air 
plasma spray (APS) deposition is a lower cost alternative (DeMasi-Marcin et al. 1990; Lee & 
Sisson, 1994; Choi et al., 1998). The deposition is designed to incorporate intersplat porosity 
and a network of crack-like voids that again provides some strain tolerance, while lowering 
the thermal conductivity. 
The thermally grown oxide has a major influence on TBC durability (Cruse et al. 1988; Eaton 
& Novak, 1987; Golightly et al., 1976,  Meier et al. ,1991; Stiger et al., 1999; Quadakkers et al., 
1999; Wright, 1998, 1999). The bond coat alloy is design as a local Al reservoir (Fig. 2), 
enabling ǂ- alumina to form in preference to other oxides, as oxygen ingresses through the 
TBC (which is transparent to oxygen).  
 
Fig. 3. The thermal conductivity of several insulating oxides illustrating the major role of 
solid solutions in affecting phonon transport (Evans et al., 2001). 
Alumina is the preferred oxide because of its low oxygen diffusivity and superior 
adherence. This layer develops extremely large residual compressions (3-6 GPa, Fig. 4), as 
the system cools to ambient, primarily because of its thermal expansion misfit with the 
substrate (Fig. 5, Table 1) (Christensen et al., 1997; Lipkin & Clarke, 1996; Mennicke et al., 
1997; Sarioglu et al. 1997; Sergo & Clarke, 1998; Tolpygo & Clarke, 1998, 1998). Stresses also 
arise during TGO growth (Lipkin & Clarke, 1996; Quadakkers et al., 1999; Stiger et al., 1999). 
They are much smaller (generally less than 1 GPa), but still important. Though thin (3-10 
um), the high energy density in the TGO motives the failure mechanisms.  
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Fig. 4. Ambient residual compressions measured in the TGO developed on several alloy 
system (after (Lipkin & Clarke, 1996). 
 
Fig. 5. Cross plot of the thermal expansion coefficient and thermal conductivity of the major 
materials constituents in the TBCs system (Evans et al., 2001). 
The bond coat is arguably the most crucial component of the TBC system. Its chemistry and 
microstructure influence durability through the structure and morphology of the TGO created 
as it oxidizes (Stiger et al., 1999). Moreover, system performance is linked to its creep and yield 
characteristics. Bond coats are in two categories. One is based on the NiCoCrAlY (MCrAlY) 
system, typically deposited by low-pressure plasma spraying (LPPS). It is usually two-phase 
(ǃ-NiAl and either Ǆ - Ni solid solution or Ǆ’-Ni3Al). The Ǆ/Ǆ’ phases have various other 
elements in solution. The Y is added at low concentrations to improve the adhesion of the 
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TGO, primarily by acting as a solid state gettering site for S (Haynes, 1999; Meier & Pettit, 
1999; Smegil, 1987; Smialek et al., 1994), which diffuses up from the substrate. In some cases, 
small amounts of a Ni-Y intermetallic may also be present. The second category consists of a 
Pt-modified diffusion aluminide, fabricated by electroplating a thin layer of Pt onto the 
superalloy and then aluminizing by either pack cementation or chemical vapor deposition. 
These coatings are typically single-phase-ǃ, with Pt in solid solution (Stiger et al., 1999). Their 
composition evolves during manufacture and in-service. Diffusion of Al into the substrate 
results in the formation of Ǆ´ at ǃ grain boundaries (Stiger et al., 1999). 
 
TGO (ǂ-Al2O3)  
Young´s Modulus, Eo (GPa)  350-400 
Growth stress, σg xx (GPa) 0 – 1 
Misfit compression, σ0  (GPa) 3 – 4 
Mode I fracture toughness,  Г0    (J  m-2) 20 
Thermal expansion coefficient, ǂo (C -1 ppm) 8 – 9 
Bond coat  
Young´s modulus, Es  (GPa) 200 
Yield strength (ambient temperature)  σ Y  (MPa) 300-900 
Thermal expansion coefficient, ǂs (C -1 ppm) 13-16 
Interface ( ǂ - Al2O3/bond coat)  
Mode 1 adhesion energy, Г01  (J  m-2)  
Segregated 5-20 
Clean >100 
TBC (ZrO2/Y2O3)  
Thermal expansion coefficient, ǂtbc (C -1 ppm) 11-13 
Young´s modulus, Etbc  (GPa) 0-100 
Delamination toughness  T tbc (J m-2) 1-100 
Table 1. Summary of material properties. 
The interface between the TGO and Bond coat is another critical element. It can be 
embrittled by segregation, particularly of S (Haynes, 1999; Meier & Pettit, 1999; Smegil, 1987; 
Smialek et al., 1994). During thermal exposure, S from the alloy migrates to the interface. 
Dopant elements present in the BC getter much of this S and suppress (but not eliminate) 
the embrittled. As already noted, bond coat based on NiCoCrAl contain Y for this purpose. 
The Pt-aluminide BCs do not contain elements which getter S. Nevertheless, they are 
durable and can have longer lives in cyclic oxidation than NiCoCrAlY systems Meier & 
Pettit, 1999). While it has been proposed that the Pt mitigates the effects of S [30], there is no 
fundamental reason to expect this. A number of effects of the Pt on the behavior Pt-modified 
aluminides have been documented (Schaeffer, 1988). But a complete understanding of the 
“Pt effect” is an important goal for future research. 
A system approach to TBC design and performance requires that several basic bifurcations 
be recognized and characterized. Three of the most important are addressed. 
i. The NiCoCrAlY and Pt-aluminide bond coats result in distinct TGO characteristics as 
well as differing tendencies for plastic deformation. Accordingly, the failure 
mechanisms are often different. 
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ii. TBCs made by APS and EB-PVD are so disparate in their microstructure, morphology 
and thermo-physical properties that different failure mechanisms apply. 
iii. The failure mechanisms may differ for the two predominant areas of application 
(propulsion and power generation), because of vastly different thermal histories. 
Systems used for propulsion and for power peaking experience multiple thermal cycles, 
whereas most power systems operate largely in an isothermal mode with few cycles. 
The frequency affects coating durability. 
Then NiCoCrAlY (MCrAlY) alloys are subjected to extensive research efforts to develop 
applications in gas turbine due to their high specific young’s modulus and strength, and to 
their good oxidation and corrosion resistances. However, such alloys suffer from limited 
ductility at room temperature and creep resistance at service temperature (950- 1100°C) 
(Czech et al., 1994; Nickel et al., 1999; Monceau et al., 2000; Van de Voorde & Meetham, 
2000). From a technological point of view, the current limitations are due to a large 
scattering in mechanical properties resulting from correlated chemical and structural 
heterogeneities, to manufacturing difficulties and high costs. In this context, the present 
work aimed to produce MCrAlY alloys with refined and homogenous microstructure by 
using the spark plasma sintering process (SPS) and hot pressing. 
Indeed the need for improved oxidation and hot corrosion resistance of the protective oxide 
scale led to doping of the different bond coats by various metals like HF, Ir, Pd, Pt, Re, Ru, 
Ta, Zr (Alperine et al. 1989; Czech et al., 1994, 1995; Taylor & Bettridge, 1996) These, as well 
as other reports that have been published in the open and in the patent literature, (Taylor et 
al., 1995) conclude that doping of the bond coats by such elements was globally beneficial. 
However, for plasma-sprayed MCrAlY bond coats, the difficulty of performing such an 
investigation may be due to the cost of the dopants associated with the relatively large 
quality of powder required for the coating operation, even if it is performed on the 
laboratory scale, or to the mixing process involving either alloying high melting temperature 
elements or mechanical mixing with possible contamination from the atmosphere and the 
mixing apparatus.  
A solution to this problem could be an economic, versatile, and time saving process 
allowing the doping of quantities of commercially available material with well established 
performance. The reference and doped powders could then be used for the preparation and 
compaction samples to produce the bond coat. These samples could, in turn, be subjected to 
thermal and cyclic oxidation and corrosion test, followed by adhesion test of the superficial 
scale that is produced. 
In this sense a collaborative program was currently underway to satisfy this need. The 
process being investigated is superficial doping of commercially available MCrAlY 
powders which are actually used in industry, with Ruthenium as a series of platinum 
group metals, using the SB-MOCVD (Spouted Bed Metal-Organic Chemical Vapour 
Deposition) technique. In contrast to the direct mixing of the MCrAlY powder with the 
additive, this process ensures homogeneous distribution of the metallic additives on the 
surfaces of each particle and, consequently homogeneous distribution of the doping 
elements throughout the volume of the bond coats (Juarez et al., 2003). Initial results 
introducing the SB-MOCVD doped process have presented in (Caussat et al., 2006; Juarez 
et al., 2001; Vahlas et al., 2002).  
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The choice of Ruthenium (Ru) and Rhenium (Re) for this study is based on recent results, 
following which doping of monocrystalline nickel superalloys with this element reduces 
their high-temperature creep (Feng et al., 2003; Fleischer, 1991; Lu & Pollock, 1999, 1999; 
Noebe et al., 1993; Pollock et al., 2001; Tryon, 2006; Tryon et al., 2004; Wang et al. 2011; 
Wolff, 1997; Wolff, & Sauthoff, 1996). 
In this context, the present study aimed to produce MCrAlY alloys with refined and 
homogenous microstructure by using the uniaxial hot pressing and spark plasma sintering 
process (SPS). 
Then, firstly MCrAlY powders were doped by Ru and Re. The doping level, purity, 
microstructure and, Ru and Re distribution of the powders were established. TEM samples 
of Ru and Re nanometric coatings on the surfaces MCrAlY particles are presented. They 
allowed the investigations of morphology, the microstructure and the composition of the 
Ru-coatings. Second, at moment of this manuscript Ru-doped MCrAlY and undoped 
MCrAlY powders were sintered at 1473 K by only uniaxial hot pressing. Finally, MCrAlY 
undoped powders were sintered by SPS. 
2. MCrAlY powder characteristics 
The commercial MCrAlY powder is a pre-alloyed material, which is mainly composed of Ni 
with additions of Co (21 wt.%), Cr (19 wt.%), Al (8 wt.%), Y (1 wt. %) and Ta (5 wt.%). Fig. 
6a shows a SEM micrograph of the as-received powder featuring spherical shape and 
agglomerates. Their skeleton-like shape report a theoretical density of 7700 kg/m3, while the 
apparent tap density is 4300 kg/m3. Specific surface area was computed from the N2 
adsorption isotherms (recorded at -196 oC with a Micrometrics Flowsorb II2300), using the 
BET method and was found to be 0.83 m2/g. This low value is characteristic of a non porous 
material. Powder size distribution was determined with a Malvern Mastersizer laser 
diffractometer. It was found that mean size distribution of the particles is 23 μm, with 
minimum 0.05 μm and maximum 556 μm. Fig. 6b presents the particle size distribution 
measurement of the MCrAlY superalloy. 
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Fig. 6. Scanning electron micrograph of the as-received powders illustrating the spherical 
morphology and small agglomerated (a). Particle size distribution measured of the MCrAlY 
powder (b).  
20 µm 
(a) 
(b) 
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3. MCrAlY doped 
We used a spouted bed reactor in a research program aiming the superficial doping with 
ruthenium and rhenium of as received commercial powders of MCrAlY alloys by MOCVD 
(Caussat et al., 2006; Juarez et al., 2001, 2005; Vahlas et al., 2002). Our results revealed that; 
since the uniform modification of the composition of commercial raw material is possible by 
SBMOCVD, the end user could dispose of a valuable tool to adjust the properties of use as a 
function of the aimed application. However, to end the validation of this process for the 
wanted application, the hydrodynamic behavior of such peculiar powders in a lab-scale SB 
contactor remained to be studied. 
3.1 Characteristics MCrAlY powder doped 
3.1.1 SEM analysis 
The evolution of materials science towards nanometric scales requires appropriate 
microstructure characterization techniques and the corresponding specimen preparation. 
Correlating the processing conditions, in terms of both the quality of spouting (coat and 
MOCVD) and the efficiency of the MOCVD, with the oxidation resistance required an 
insight into the nature and the morphology of typically 50 nm thick films deposited on the 
surface of particles with a mean diameter of 25 um.  
The positive results validated the use of a SB for the superficial doping by Ru and Re of 
MCrAlY powders by MOCVD. It allowed homogenous deposition of the two metals on the 
surface of the MCrAlY powder.  
The morphology of the Re and Ru films, on the surface of MCrAlY powders is shown in the 
SEM micrographs of Fig. 7. The Ru films were deposited in the presence of SB-MOCVD. 
EDS maps of the corresponding elements are also presented. Re and Ru films are uniforms 
and their morphology is smooth. Deposition of Ru is efficient on the entire available surface 
of the particles in contrast to Re which covers only parts of the particle. 
 
 
(a) (b) 
Fig. 7. Secondary electrons SEM micrograph of MCrAlY powders with Re (a) and  
Ru (b) deposited on their surface, and corresponding EDS maps. 
The SEM images in the Fig. 8 show the Ru deposit on a particle. The secondary electron 
micrograph on the left reveals a wrinkled surface morphology, compared to the smooth one 
10 µm
Ru  
 10 µm  
Re 
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of the as-received powders, illustrated in the Fig. 8. This morphology is due to the Ru being 
deposited on the whole surface of the powders as shown in the EDS Ru map of the same 
particle, on the right. The doping level of the MCrAlY powders was, in this case, 0.8 wt. %. 
    
Fig. 8. SEM images of Ru deposited on MCrAlY powder. The micrographs are secondary 
electron (left) and Ru EDS mapping (Right) of a particle covered by Ru under adequate  
SB-MOCVD conditions.  
3.1.2 TEM analysis 
It is particularly important in transmission electron microscopy (TEM) observations of either 
thin areas in bulk materials such as interfaces in compositions, fine powder particles (Shiojiri 
et al., 1999; Yoshioka et al., 1996) or other complex in-shape samples (Yoshioka et al., 1995). 
The need to dispose of an appropriate TEM specimen preparation protocol was reported in 
our work for which 0.70 wt. % Rhenium (Re) and 0.90 wt. % Ruthenium (Ru) were added to 
the surface of commercial pre-alloyed MCrAlY powders (Caussat et al., 2006; Juarez et al., 
2001, 2005; Vahlas et al., 2002). 
The preparation of thin sections of Ru-doped powders was based on a method proposed by 
Yoshioka et al. (Shiojiri et al., 1999; Yoshioka et al., 1995, 1996). The sample was mixed with 
Gatan G1 epoxy resin in a Teflon cup and a drop of the suspension was placed on electron 
microscopy grid (100 mesh) that was positioned on a potassium bromide (KBr) crystal. It 
was aimed to obtain a sample that contained enough particles for convenient observation 
but not too much, to present satisfactory cohesion with enough resin. After polymerization 
of the epoxy at 373 K, the grid was wet-stripped from the KBr and mechanically polished 
with a South Bay Tech Tripod R to reduce the overall thickness down to 70 um. The sample 
was finally ion-milled during 5-6 h in Gatan Precision Ion Polishing Systems (PIPS) 
equipment until a hole was detected. PIPS operating conditions were; acceleration voltage of 
the ion gun 5 keV, rotation frequency 3rpm, and incidence angle of the two ion beams on 
both sides of the sample 8-10 deg. 
The above presented way to prepare cross section for TEM is rapid and relatively easy. 
However, it can only be used in the case of particles with a homogenously distributed 
deposit on their surface. As shown below, it was more difficult to localize the Re-containing 
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zones of the particle surfaces due to the less homogeneous distribution of Re than of Ru of 
the sample. In this case, the sample and G1 epoxy resin mixture was transferred to a brass 
tube whose internal diameter and wall thickness were 2.4 and 0.3 mm, respectively. After 
curing at 373 K the tube was sliced into a series of 300 um thick discs using a wire diamond 
saw. Finally, the discs were mechanically ground to a thickness of 100 um, and dimpled to 
about 40 um prior to ion thinning to electron microscopy transparency in the PIPS. At that 
time, the sample was very brittle and it was necessary to stick it to a specimen support grid 
with silver paste before the observation. 
 
   
 
Fig. 9. Bright field TEM micrographs of the nanocrystallite Re coating on MCrAlY powder. 
Re cluster on the right of the micrograph reveals homogeneous side- nucleation. 
Fig. 9 presents bright field TEM images of the nanocrystallite Re coating at two regions on 
MCrAlY powder. The film is continuous and its thickness varies between 10 and 40 nm. It 
is composed of particles typically sized around 10 nm. A larger cluster composed of Re 
grains is also shown in the micrograph. EDS revealed pure Re for both the film and the 
cluster. 
Fig. 10 shows a dark field TEM micrograph of coating deposited from SB-MOCVD. The 
micrograph was obtained from an electron beam centered on the D1 and D3 spots of the 
corresponding EDP shown in the insert. The measured interplanar distances on this sample 
are also reported in Table 2. They reveal that the film is composed of pure crystalline Ru in 
agreement with X-Ray diffraction analysis. 
 D (cm) dexp (nm) Plan dJCPDS #6-663 
1 0,85 0,235 100 0,2343 
2 1,0 0,211 002 0,2142
3 1,28 0,205 101 0,2056 
4 1,68 0,157 102 0,1581 
5 2,10 0,119 103 0,1219 
 
Table 2. Interplanar distances of pure crystalline Ru. 
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D1
D2
D3
D4
D5
     
100 nm
 
Fig. 10. Bright field TEM micrograph of Ru deposit and corresponding electron diffraction 
pattern. 
Continuous Ru films deposited on the surface of MCrAlY particles are composed of the 
grains whose diameter approaches 100 nm. These grains are in turn composed of smaller 
crystallites. Fig. 11 illustrates this microstructure. In the Table 2 the interplanar spacing 
measured from the diffraction spots of Fig. 10 are presented and compared with the 
corresponding JCPDS values. Similar data from Ru samples, as presented in the following 
paragraphs are also included in this table. 
 Theta (degrees)
10 20 30 40 50 60
Ru doped
NiCoCrAlY
Ru JCPDS 6-663
 
Fig. 11. Bright filed TEM image of Ru. 
This parameter, together with the simplicity of this process should be considered for the 
final selection of the deposition route on the surface of MCrAlY powders of these, as well as 
other, metals. 
4. Sintering of MCrAlY powders 
4.1 Hot-pressing MCrAlY powders undoped and Ru-doped powders 
Sintering of MCrAlY powder was carried out by uniaxial hot pressing at temperatures 
ranging between 1173 and 1473 K and during periods 0 to 60 minutes. The powders were 
poured into graphite dies coated with boron nitride and were sintered in a graphite furnace 
by uniaxial hot pressing. As shown below, this temperature is high enough: (i) to ensure 
densification of the samples; and (ii) to stabilize the microstructure in view of the 
subsequent heat treatments. A load pressure of 10 MPa is initially applied and the system 
operated under primary vacuum up to 523 K. Then, Ar flow was established and the 
pressure was gradually increased to achieve 40 MPa at 1273 K. During cooling, the pressure 
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was gradually decreased. Heating and cooling rates were 20 oC min-1. Densification is 
practically up to 94%. 
 
Fig. 12. Densification of the MCrAlY powders versus the duration of the uniaxial hot 
pressing performed at 1473 K. 100% densification corresponds to a pore-free sample. 
Fig. 12 presents densification of reference and Ru-doped powders as a function of time for a 
temperature of 1473 K and during 30 min. Densification of both is practically identical up to 
94%. During this period under the operating conditions used, grain boundaries were 
deformed and reorganized, especially due to the plastic deformation of the Al-rich b phase. 
Contact among surfaces is favored and the resulting product is exempt from open porosity. 
Elimination of closed porosity involves diffusion through grain boundaries and is somewhat 
slower in the doped sample. In view of this behavior, the same hot-pressing duration of 1 h 
was selected for both samples, ensuring complete densification and a similar microstructure. 
The Fig. 13 (a) corresponds to the sintered sample at 1323 K, this micrograph shows 
characteristics of the powders in charge, where the powders present certain plasticity. 
Indeed, there is a pressure contact between faces of the powder due to the action mechanical 
exerted by the piston, consequently some powder boundaries begin to disappear. 
Intergranular diffusion starts but plasticity or diffusion rates do not contribute to the 
complete elimination of porosity. In practical the process is even slower in the periphery of 
the sample due to the frictional forces against the die walls and the slight contamination by 
boron nitride. An increase in the sintering temperature of 150 °C (1473 K Fig. 13 (c) 
micrograph) allowed an improvement of the densification but only after 60 min. 
Fig. 14 presents a backscattered scanning electron micrograph of a polished surface of the 
Ru-doped sintered sample. Two phases, shown in dark and light gray, are present. They 
correspond to ǃ-NiAl and to Ǆ-Ni, respectively. White dots also appear in this micrograph; 
they correspond to tantalum carbide. The microstructure revealed is comparable to that of 
the corresponding bond coat applied by plasma torch in terms of the nature and distribution 
of the phases present. Consequently, the different properties of both materials, particularly 
their oxidation behavior, are also expected to be comparable. 
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Fig. 13. Scanning electron micrograph of sintered sample by hot pressing;  
(a) 1323 K- 30 minutes, (b) 1473 K-0 minutes and (c) 1473 K- 60 minutes respectively. 
      
      
Fig. 14. Scanning electron micrograph of sintered sample Ru-doped by hot pressing;  
(a) 1323 K- 30 minutes, (b) 1473 K-0 minutes and (c) 1473 K- 60 minutes respectively. 
WD                               4 µm
(c ) 
(a) 
 WD                                      20 μm 
 
(b ) 
(b) 
2 µm 
(a)
10 µm 
(d) 
10 µm
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200 nm 
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SIMS maps for 27Al and 99Ru of the same 50=50 mm2 area of the sintered doped sample are 
shown in Fig. 15. Bright zones in each map correspond to element rich phases, namely ǃ-
NiAl for the Al-rich zones. From a comparison of the two maps, it appears that Ru is found 
in ǃ-NiAl. This re-organization is expected from the enhanced plasticity of ǃ-NiAl in the 
sintering conditions, and is in agreement with literature information reporting that platinum 
group metals present a remarkable affinity for this phase ǃ. Consequently, Fig. 15 reveals 
that sintering conditions allow Ru to diffuse completely from the outer surface to the core of 
the particles, towards the same position as it is expected to occupy in the bond coat. In view 
of this behavior, the same hot-pressing temperature 1473 K and duration of 1 h was selected 
for ensuring a complete densification and a reproducible microstructure. 
27 Al
     
99 Ru
 
Fig. 15. 27Al and 99Ru SIMS maps of the same 50=50-mm2 area of the sintered MCrAlY 
doped sample. 
4.2 Spark plasma sintering of MCrAlY powders undoped 
SPS is found to be an effective technique to consolidate powder through the simultaneous 
application of direct pulsed current and uniaxial pressure (Munir et al., 2006). Assisted by 
an applied pressure, the electric current density induces a temperature elevation within the 
sample through the Joule´s effect, thus leading to powder sintering. 
The emerging SPS theme from the large majority of investigations of current activated 
sintering is oriented to the advantages over conventional methods including pressureless 
sintering, hot-pressing, and others. These advantages include: lower sintering temperature, 
shorter holding time, and markedly improvements on the properties of materials 
consolidated by this method (Courat et al., 2008; Oquab et al., 2006).  
The use of the hot-pressing techniques to optimize microstructure of MCrAlY alloys for high 
temperature application has been scarcely documented (Jeandin et al., 1988; Menzies et al., 
1982; Somani et al., 1998; Prakash et al., 1988). The present study shows, the results of 
MCrAlY powder sintered by spark plasma sintering. 
The SPS experiments were carried out on a commercial Dr Sinter Sumitomo 1050 apparatus 
(Sumitomo Coal Ming Co., Japan). This equipment can supply a direct current intense of 
5000 Amp under a maximum voltage of 5 V. The powder was poured into a graphite die set 
of 20 mm wall thickness, placed between two graphite punches of 20 mm diameter (Fig. 16). 
Elements of graphite play both the role of electrodes and plates imparting the pressure. The 
sinter chamber is kept under vacuum (10-2 Pa) along the experiments. 
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Fig. 16. Schematic illustration of the SPS technique. 
MCrAlY alloy powders were consolidated at temperatures ranging between 1173 and 1323 
K, range 15 KN in-load and processing time 0 and 30 minutes. To avoid grain coarsening of 
the microstructure of sintered specimen, SPS was conducted below the Ǆ prime temperature, 
which is about 1140 °C (1413 K) (Prakash et al., 1988). The Fig. 17(a) shows an experimental 
record of the SPS-processing parameters, i.e., temperature, applied load and relative 
displacement of the punches, as a function of time. The relative displacement of the punches 
is expressed in percentage of the maximum displacement attainable. The temperature curve  
 
 
    (a) (b) 
Fig. 17. Experimental record of a number of SPS-parameters such as; (a) Temperature, 
applied pressure and relative displacement of the punches as a function of time for an 
experiment MCrAlY performed at 1273 K. (b) Pastille obtained by SPS 20 mm diameter. 
20 mm 
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corresponds to the variation measured by the internal pyrometer. For this illustration, the 
selected holding temperature was 1273 K. Meanwhile pressure and current pulses are 
applied simultaneously. The set pressure was 50 KPa and was applied for 3 min. A heating 
rate of 150 °C/min was programmed, in such a way that the sintering temperature was 
reached in 9 minutes. After 15 minutes of holding time at the maximum temperature, the 
pressure and vacuum are then removed. This results in a pressure which falls quickly, 
whereas the temperature reduction takes 7 min to reach 600 °C. The cooling stage drop from 
1000 to 600 °C occurs at a rate of 90 °C/min. 
With above experimental parameters set the sintering of a tablet-like specimen of 20 mm 
diameter and 3 mm thick was accomplished in less than 15 minutes. No subsequent thermal 
treatment was applied to the tablets, in such a way that the final microstructure was 
obtained by one single step (Fig. 17(b)). 
The Fig. 18 shows the microstructures of the MCrAlY alloys sintered at temperature of 1173, 
1223, 1273 and 1323 K. SEM analysis of polished surfaces does not reveal presence porosity 
for the sintered samples at 1223 K, which confirms the major densification. Fig. 18(a) shows 
a surface of a sintered sample at 1173 K. At this sintering temperature, the surface still 
shows characteristics from original powder structure and is only observed one plastic 
deformation of the powders. For all temperatures, the microstructure is mainly composed of 
two phases, identified in a dark gray and light gray. EDS analysis on the sintered samples 
indicates that; dark gray area with high aluminum content would correspond to a ǃ phase 
(NiAl3), and the light gray area rich in nickel and chromium which would correspond to a Ǆ 
phase nickel and, finally some rich precipitates in Tantalum would correspond to tantalum 
carbide TaC. The latter is shown in the analysis by energy dispersion spectroscopy. 
      
      
Fig. 18. Scanning electron micrographs of MCrAlY powder sintered by setting SPS at  
(a) 1173 K, (b) 1223 K, (c) 1273 K and (d) 1323 K. 
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Fig. 19 shows the XRD patterns evolution of the sintered MCrAlY. Two phases were 
identified: ǃ NiAl3 and Ǆ Nickel. The set of conditions of temperature and pressure in SPS 
allowed to keep the same microstructure and grain coarsening is not appreciated at 1273 K. 
 
Fig. 19. XRD patterns for corresponding MCrAlY specimens sintered by SPS and hot pressing. 
Fig. 20(a) shows the variation in porosity of sintered samples at different SPS temperatures 
between 1073 and 1323 K. A significant reduction in porosity is observed when an 
increasing sintering temperature is applied. Also this Fig. 20(b) shows an increasing Vickers 
hardness in function of SPS sintering temperature how effect of microstructural evolution. 
However, at temperature of 1323 K it is observed a diminution of hardness with a major 
porosity that could be associated with the start of the melting of components.  
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Fig. 20. Analysis of MCrAlY samples sintered by SPS for temperatures range between 1073 
and 1273 K: (a) porosity (b) Vickers hardness. 
To study the advantages of spark plasma sintering against hot pressing, Fig. 18(b) shows a 
secondary electron micrograph of surface of MCrAlY powders sintered by SPS.  The present 
work clearly demonstrates that MCrAlY alloys can be rapidly sintered by SPS (in less than 
30 min). As illustrated by the presence of little number of porosities, a full densification can 
be achieved by using SPS. From Fig. 6(b), both larger powder particles and a relative 
proportion of surface area/per volume unit limits the interstitial hardening, and tend to 
favor elastic deformation of powders. Moreover, the current density at contacts among 
larger particles should be higher because of a smaller number of connections and on other 
case of smaller particles the current density should be lower in where the sintering of 
powders started early, as it see at the Fig. 21. This shows a surface of MCrAlY sample 
sintered at 1173 K after a fracture procedure. Thus, a faster consolidation was achieved 
mainly due to the presence of a wide size distribution of powders allowing to fill the 
interstices present between the larger powders per the smaller ones.  
 
Fig. 21. Fracture surface of MCrAlY sample sintered at 1173 K. 
40 μm 
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Fig. 17(a) shows experimental record of a number of SPS parameters such as the 
densification of MCrAlY powders as function of time. During this period, grain boundaries 
were deformed and reorganized, especially due to the plastic deformation of the β phase 
rich in aluminum. In this Fig. 17(a), three main steps can be identified for the displacement 
variation, which could be interpreted as follows; in a beginning (5 min), when pressure 
increasing, the powder is compressed as a green body. This is followed by a flat stage. 
Sintering occurs in the final stage as the temperature reaches about 750 °C under 50 KN. For 
this condition, the pressure (applied load) exceeds the yield stress at a temperature below 
the brittle-ductile transition (950 oC). Then sintering begins taking place in less than 12 min. 
which means that full densification is achieved at a temperature of 950 °C, namely before 
the holding temperature has been reached. Finally the decrease of the relative displacement 
is interpreted as a result of the system dilation. 
This latest ǃ phase contains a major amount of aluminum, thus plastic deformation during 
the SPS process, is expected to be most important with respect to the presence of 
deformation in the Ǆ phase that contains a major amount of nickel (Fig. 22). The 
measurement of the relative displacement of the punches (Fig. 17(a)) indicates that the 
compaction can be completed at 950 °C. Thus, as long as a transus temperature is not 
reached, a quite similar microstructure is generated. A short hold-time also helps to avoid 
grain ripening due to diffusion controlled by phase transformations. MCrAlY alloys might 
be satisfactorily described by a Ni-Al binary diagram with only a slight effect of Tantalum 
on the related transus temperature. The transus temperature for the Ni-Al alloys have been 
measured at 1100 °C, cf. (Noebe et al., 1993).  Fig. 22 presents a backscattered scanning 
electron micrograph of a polished surface of sintered sample. Two phases, shown in dark 
gray and light gray, are present corresponding to ǃ-NiAl and to Ǆ-Ni, respectively. 
Tantalum carbide is detected for positions in white dots that also appear in this micrograph. 
For SPS temperatures ranging between 1173 and 1273 K two mainly phases are formed in 
the microstructure: ǃ and Ǆ. The SPS temperatures sintering are lower than the α transus 
temperature and no grain coalescence is observed due to the short duration of the 
experiments. 
Contact among surfaces is favoring during SPS and the resulting product is exempt of open 
porosity. Fig. 18 shows the microstructures of the MCrAlY alloy sintered at SPS 
temperatures of 1173, 1223, 1273 and 1323 K. SEM analyses of polished surfaces do not 
reveal a porosity, which confirms a major compaction. Munir et al. (Munir et al., 2006) have 
not reported contribution of the time in the process consolidation of materials treated by 
SPS, from here for time range sintering between 0 min and 15 min, the MCrAlY alloy shows 
a similar microstructure of individual grains. 
XRD diffraction patterns (Fig. 19) reveal the presence of an Ǆ phase and an ǃ phase for all 
temperatures, and there is neither difference in the positions of the peaks nor new peaks 
indicating the formation of a new phase. Besides, according with the peak shape, it is 
suggested that there was not coarsening of grain in the temperature range of 1223-1273 K for 
all sintered samples. 
Courat et al. have mentioned that the current density conditions prevailing during the SPS 
process (Courat et al., 2008) do not allow mass transport. Thus the Tantalum carbide located 
on the surface of atomized powder before sintering process, it remains during sintering 
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within the limits of powders, and is only transported by the powder limit, as is observed in 
Fig. 22 for all sintering temperatures. Indeed the Tantalum carbide has a high melting point. 
 
 
 
 
 
 
Fig. 22. Backscattered scanning electron micrograph of a polished surface of MCrAlY 
sintered sample at 1273 K. 
5. Conclusions 
Film characteristics show the SB-MOCVD process to be compatible with doping of MCrAlY 
powders prior to their use in the preparation of bond coats by sintering on turbine blades 
and vanes for improved mechanical and oxidation resistance during high temperature 
operation of gas turbines. 
MCrAlY alloys were sintered by using hot-pressing and spark plasma sintering. For a 
temperature 1273 K and duration 30 min, specimens disclose a good compacting and a 
microstructure homogenous. Two phases in the microstructure are mainly formed under all 
sintering conditions: ǃ Beta and Ǆ gamma. Such, microstructures represents a real advantage 
by using spark plasma sintering with respect to hot-pressing conventional processing by a 
decrease of 200 oC degree in the sintering temperature. Indeed without any significant 
change in the structural and mechanical property.  
However, the mechanical properties are still under investigation for SPS samples and it 
should be reported in the future. 
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Finally, spark plasma sintering process appears to be a promising route to produce MCrAlY 
alloys doped with Ruthenium and/or others materials. 
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